Summary The presence of tumour cells in the blood circulation may predict disease recurrence and metastasis. We have evaluated the specificity and sensitivity of detecting hepatoma cells in blood using nested polymerase chain reaction with primers specific for the alphafetoprotein (AFP) gene. The nested polymerase chain reaction amplified a 270-base pair AFP DNA fragment from cDNA of Hep 3B hepatoma cells. In a reconstitution experiment, AFP mRNA was detected from peripheral mononuclear cells isolated from 10 ml of blood containing as few as ten Hep 3B cells. Peripheral mononuclear cells from the blood of 20 hepatoma patients were analysed, and 19 patients showed positive AFP mRNA expression. Seven of 13 samples from hepatitis patients also showed positive AFP mRNA expression. All five paired samples of peripheral blood or umbilical cord blood from pregnant mothers and their babies, respectively, showed positive AFP expression. None of 22 control samples was positive. The presence of AFP mRNA in the blood of hepatitis or hepatoma patients suggests the presence of circulating hepatoma cells or hepatocytes in the circulation. The high incidence of AFP mRNA in the blood of hepatoma patients supports the notion of early haematogenous spreading of the disease.
Hepatocellular carcinoma (HCC) is one of the most common malignancies in Taiwan, mainland China and southern Africa. The disease is highly associated with hepatitis B and C virus infections as well as with the carcinogen aflatoxin (Chen, 1987) . Despite improved survival of some cancer patients in recent years, the therapeutic efficacy for HCC remains very limited. Survival after the onset of symptoms is only a few months (Lai et al, 1987) . It is therefore important to establish techniques for the early diagnosis of HCC.
Alphafetoprotein (AFP) is a glycoprotein that is normally expressed during embryogenesis. The concentration of AFP in serum decreases as the liver develops and matures. However, AFP levels can become elevated in some disease states, particularly in HCC (Bellet et al, 1985; Chen, 1987; Di Bisceglie and Hoofnagle, 1989) . Elevated serum AFP is employed as a highly specific and sensitive marker for the diagnosis of HCC, as about 82% of HCC patients have elevated serum AFP levels (Bellet et al, 1985) . However, AFP can also be elevated in non-malignant forms of liver disease, such as acute and chronic hepatitis and cirrhosis (Chen, 1987; Di Bisceglie and Hoofnagle, 1989) . In addition, increasing AFP levels have also have been associated with liver regeneration (Silver et al, 1974) .
A major characteristic of cancer is the ability of tumour cells to metastasize to other sites. The process of tumour metastasis involves multiple host-tumour interactions, and it is thought that less than 0.01% of circulating tumour cells successfully establish metastatic colonies (Liotta and Stetler-Stevenson, 1991) . Similar to other cancer types, HCC cells frequently metastasize to the lung, lymph nodes and bone (Chen, 1987) . To understand stage tumour progression better, several laboratories have reported using the polymerase chain reaction (PCR) to detect metastatic cells in peripheral blood or lymph nodes (Johnsum et al, 1995) . These studies made use of the detection of mRNA expression of tissuespecific antigens (Natio et al, 1991; Smith et al, 1991; Mattano et al, 1992 ; Moreno et al, 1992; Deguchi et al, 1993; Hillaire et al, 1994; Israeli et al, 1994; Matsumura et al, 1994 Matsumura et al, , 1995 Schoenfeld et al, 1994 ; Kar and Carr, 1995; Komeda et al, 1995) and the metastatic-associated antigen CD44 (Matsumura et al, 1992) .
For HCC, reverse transcription PCR (RT-PCR) has been used to detect albumin and AFP expression in the blood of HCC and hepatitis patients (Hillaire et al, 1994; Matsumura et al, 1994 Matsumura et al, -1995 Kar and Carr, 1995; Komeda et al, 1995) . Positive albumin and AFP expression in the blood was found to be associated with early subsequent relapse (Hillaire et al, 1994; Komeda et al, 1995) . We have attempted to detect AFP mRNA expression by means of nested PCR to diagnose haematogenous metastasis in patients with HCC. Samples from hepatitis and control patients as well as normal volunteers were used to define the specificity of AFP mRNA detection in blood samples.
MATERIALS AND METHODS
Cell culture and lymphocyte separation from blood
The Hep 3B human HCC cell line, which secretes AFP, was used as a control to define the assay sensitivity. The cell line was kindly provided by Dr Cheng-Po Hu (Veterans General Hospital, Taipei, Taiwan) (Knowles et al, 1980) . Cells were maintained in RPMI-1640 (1997) 75(6), [928] [929] [930] [931] [932] [933] between serum AFP levels and AFP mRNA as determined by nested PCR.
Two pairs of PCR primers derived from the published AFP cDNA sequence (Morinaga et al, 1983) were used to detect AFP mRNA expression. The outer pair of primers were AFP-S1 (5'- and AFP-AS1 (5'-TllTTGTCATAGCGAGCAGCCC-3', nucleotides . The inner pair of primers were AFP-S2 (5'-CAGTCTTCAGGGTGTITTAGAA-3', nucleotides 288-308) and AFP-AS2 (5'-GGGATGCCTTCTTGCTATCTC-3', nucleotides 537-557). The primers to detect GAPDH mRNA expression were GAP-SI (5'-GTCAAGGCTGAGAACGGGAAG-3', nucleotides 172-192) and GAP-AS1 (5'-TAGACGGCAGGTCAGGTCCAC-3', nucleotides 721-741) (Tso et al, 1985) .
Quantitation of AFP mRNA
To introduce a new restriction enzyme site (XbaI) in the middle of the amplified AFP product, the 194-and 244-base pair AFP DNA fragments were first amplified from Hep 3B cDNA using primers AFP-SI and AFP-mAS (5'-TGGCTGCAGCAGTCTAGAATGTC-CGTACTTC-3', nucleotides 362-392) and primers AFP-mS (5'-GAAGTACGGACATTCTAGACTGCTGCAGCCA-3', nucleotides 362-392) and AFP-AS1, respectively, at 64°C for 1.5 min and 72°C for 2.5 min for 35 cycles. The fragments were purified, mixed, extended with Klenow enzyme and further amplified using primers AFP-Sl and AFP-AS 1. The 409-base pair DNA fragment containing an internal XbaI restriction site was then purified, quantified and used as the internal standard for quantitative PCR assay.
To quantitate AFP mRNA, serial dilutions (103 to 10ll copies) of the internal standard were added to each PCR mixture containing 10 ng of Hep 3B cDNA. The mixture was first amplified using the outer pair of primers followed by nested PCR using the internal pair of primers as described above. The amplified product was digested with XbaI and electrophoresed on 3% agarose gel. Three bands of 270 (wild-type), 181 and 89 bp (both derived from the internal standard) were visible. The amount of AFP mRNA was calculated by comparing the intensities of the wild-type AFP band with the internal control bands (summation of the two bands) (Figure 2 Rockville, MD, USA) and were labelled with digoxigenin using a DNA labelling kit (Boehringer Mannheim).
RESULTS
We first studied the feasibility of using nested PCR to detect AFP mRNA expression in Hep 3B hepatoma cells. The sense and antisense primers located within exons 3 and 5, respectively, were designed to eliminate the possibility of false positives generated from DNA contamination (Gibbs et al, 1987) . RT-PCR carried out with the outer pair of AFP primers amplified a 409-base pair DNA fragment from mRNA isolated from Hep 3B cells. Nested PCR using both outer and inner pairs of primers amplified a 270-base pair AFP DNA fragment (Figure 1 ). The amplified AFP DNA fragments showed correct restriction fragment length following digestion with PstI enzyme. Furthermore, the identity of the amplified AFP DNA fragments was confirmed by Southern blot analysis (data not shown). The sensitivity of the assay was determined in two ways. The sensitivities of RT-PCR and nested PCR were compared by amplifying the AFP gene in serial dilutions of Hep 3B cells. Figure 1 shows that nested PCR was about 100-fold more sensitive than RT-PCR. Specific AFP mRNA was detected by nested PCR in samples containing 10 pg of Hep 3B cDNA. RT-PCR, in contrast, amplified AFP DNA only from samples containing more than 1 ng of Hep 3B cDNA. The sensitivity of RT-PCR could be made as sensitive as nested PCR by employing Southern blot analysis of the RT-PCR product (data not shown). By using semi-quantitative PCR, 107 AFP molecules were detected in 10 ng of Hep 3B cDNA (Figure 2 ). Specific AFP mRNA was detected in 10 pg of Hep 3B cDNA. Therefore, nested PCR could detect AFP mRNA in samples containing as few as 104 AFP mRNA molecules. Since nested PCR had the advantages of simple usage and high sensitivity, we used nested PCR to detect AFP mRNA in all the following studies.
The sensitivity of nested PCR for detecting tumour cells in blood was simulated by amplifying cDNA prepared from samples containing Hep 3B cells and peripheral mononuclear cells from a healthy volunteer in different mixing ratios (Figure 3) . AFP mRNA could be detected in the cDNA prepared from peripheral mononuclear cells of 10 ml of blood containing ten or more Hep 3B cells. The presence of intact mRNA in all tested samples was confirmed by amplifying a 570-base pair DNA fragment of GAPDH using RT-PCR.
The applicability of using nested PCR to detect circulating AFP-expressing cells was investigated in 45 peripheral blood samples from patients with HCC, colon cancer with liver metastasis, cholangiocarcinoma or hepatitis patients as well as from healthy volunteers. GAPDH was expressed at relatively high levels in various cell types and nested PCR had 100-fold higher sensitivity than RT-PCR. Therefore, only samples showing positive GAPDH DNA amplification by RT-PCR were used to analyse the presence of AFP mRNA using nested PCR.
Among 20 blood samples from HCC patients, 19 samples showed positive AFP mRNA expression in the peripheral mononuclear cells
Figure Figure 4 . All AFP mRNA-positive samples were derived from patients with serum AFP levels higher than 20 ng ml-', including patient 19 with lung metastasis. Only patient 20, who had a low level of serum AFP (4.5 ng ml-') exhibited negative AFP mRNA detection in peripheral mononuclear cells. Thirteen samples of peripheral mononuclear cells from patients with chronic active hepatitis, chronic persistent hepatitis, unclassified chronic hepatitis B or acute hepatitis A were also analysed (Table 2, Figure 4) . Samples from 7 of 13 (46%) hepatitis patients showed positive AFP mRNA expression. Among these positive samples, five had serum AFP levels higher than 20 ng ml-', whereas two patients (11 and 12) had low serum AFP levels (7.8 and 3.5 ng ml-1 respectively). However, three patients with negative AFP mRNA detection in their peripheral mononuclear cells had serum AFP levels higher than 20 ng ml-' (67.8, 28.0 and 27.0 ng ml-').
Peripheral mononuclear cells from two patients with cholangiocarcinoma, one patient with gall bladder carcinoma, one patient with colon cancer metastasis to the liver, five pregnant women during labour and umbilical cord blood from their babies and 18 healthy volunteers were analysed. The five paired samples from the pregnant women and their babies, which had increased serum AFP protein levels, all showed positive AFP mRNA in their peripheral mononuclear cells (data not shown). However, none of the control samples that had serum AFP levels less than 8 ng ml-' showed positive AFP mRNA expression in the peripheral mononuclear cells using nested PCR (Figure 4) .
We have demonstrated that nested PCR with primers specific for AFP cDNA can amplify a 270-base pair DNA fragment from Hep 3B hepatoma cells. This technique is 100-fold more sensitive than RT-PCR and can detect AFP gene expression in ten Hep 3B cells among the peripheral mononuclear cells isolated from 10 ml of blood. AFP mRNA expression was observed in peripheral mononuclear cells prepared from most HCC patients, some hepatitis patients and all pregnant women and their newborn babies.
The use of RT-PCR alone or in combination with Southern blot analysis to detect tumour cells in the blood circulation has been described previously. Tissue-specific antigens (such as albumin, AFP, tyrosinase, prostate-specific antigen and tyrosine hydroxylase), the neuroendocrine protein, keratin 19, and the metastaticassociated antigen CD44 have been used as marker genes to detect tumour micrometastasis in the blood, bone marrow or lymph nodes (Naito et al, 1991; Smith et al, 1991; Matsumura and Tarin, 1992; Mattano et al, 1992; Moreno et al 1992; Deguchi et al, 1993; Hillaire et al, 1994; Israeli et al, 1994; Matsumura et al, 1994 Matsumura et al, , 1995 Schoenfeld et al, 1994; Kar and Carr, 1995; Komeda et al, 1995) . The detection sensitivities ranged from one tumour cell per 105 to 107 normal cells (Johnsum et al, 1995) . By using nested PCR, we could detect AFP mRNA expression in 10 pg of Hep 3B cDNA that contained about 104 AFP mRNA molecules or ten Hep 3B cells in the peripheral mononuclear cells isolated from 10 ml of blood. The sensitivity of our assay is equivalent to or more sensitive than other reported studies. Our results imply that, with our detection system, a single tumour cell among 5 x 106 to 107 normal peripheral mononuclear cells can be detected. Patients may have 105 or more tumour cells in their circulation when AFP mRNA was detected by the nested PCR. Comparison of the sensitivities of RT-PCR and nested PCR revealed that nested PCR provided 100-fold better sensitivity (Matsumura et al, 1995) . Furthermore, nested PCR has increased specificity owing to the use of two pairs of specific primers. Therefore, nested PCR is superior to RT-PCR with respect to specificity and sensitivity for the detection of micrometastatic tumour cells.
The clinical applicability of PCR for the detection of micrometastatic hepatoma cells has been documented by evaluating blood samples from patients (Hillaire et al, 1994; Matsumura et al, 1994 Matsumura et al, , 1995 Kar and Carr, 1995; Komeda et al, 1995) . Albumin and AFP have been employed as target genes for hepatoma detection. About 36-59% of blood samples from HCC patients showed positive albumin or AFP mRNA expression. RT-PCR using primers for albumin could detect circulating cancer cells in hepatoma patients, which was associated with poor patient prognosis and advanced stages of the disease (Hillaire et al, 1994; Kar and Carr, 1995) . Similarly, positive detection of AFP mRNA in blood was associated with tumour size, tumour volume, serum AFP levels, intrahepatic or distant metastasis (Matsumura et al, 1994; Komeda et al, 1995) . Similar to previous studies, we detected AFP mRNA in all blood samples from HCC patients with intrahepatic or distant metastasis. The high positive detection rate (95%) of AFP mRNA in the blood of HCC patients may have resulted from the fact that 90% of the patients investigated in this study had advanced HCC with either multiple intra-hepatic foci, large sizes of primary tumours or distant metastasis. However, two HCC patients with small tumours and high levels of AFP (1551 and 853 ng ml-1) exhibited AFP mRNA expression, suggesting that haematogenous spread of HCC cells had occurred in these two patients. The only HCC patient with negative AFP mRNA had low levels of serum AFP. The failure to detect AFP mRNA in this sample could have been caused by the lack or extremely low levels of AFP gene expression in the HCC tumour cells of this patient. This study implies that haematogenous spreading of HCC cells occurs very early. This should be confirmed by increasing the number of patients with early stages of HCC.
Although AFP is a tumour-associated antigen, it is not specific for hepatoma. Increased serum AFP levels are associated with hepatocyte regeneration and are observed in patients with acute or chronic hepatitis (Silver et al, 1974; Chen, 1987; Di Bisceglie and Hoofnagle, 1989) . Similar to the observations of Hillaire et al (1994) and Matsumura et al (1994) we detected AFP mRNA, indicating the presence of AFP-expressing cells, in the blood of some patients with chronic or acute hepatitis. As samples from patients with cholangiocarcinoma, colon cancer with liver metastasis or healthy volunteers did not show positive AFP mRNA amplification, the circulating AFP-expressing cells from hepatitis patients may be derived from regenerating hepatocytes (Hillaire et al, 1994) or from injured, necrotic hepatocytes (Matsumura et al, 1994) . However, we believe that this is less likely, as mRNA is unstable in blood (Pfleiderer et al, 1995) . When the profiles of serum SGOT and SGPT levels from hepatitis patients were analysed, liver regeneration was suggested in some patients with positive AFP mRNA expression in the peripheral mononuclear cells (data not shown). Also, AFP-expressing cells were detected in one patient with acute hepatitis A. Therefore, the detection of AFP mRNA in these patients is probably caused by the presence of AFP-expressing cells in the circulation owing to some regenerative phenomenon. To our knowledge, it is not known whether regenerating hepatocytes are released into the blood circulation. However, the level of hepatocyte growth factor, which is thought to play a role in liver regeneration, increases in hepatitis patients during liver regeneration (Hioki et al, 1993) . In addition to stimulating hepatocyte proliferation, hepatocyte growth factor, also known as 'scatter factor', can induce dissociation and increase local cell motility of a variety of epithelial cells, including hepatocytes (Jiang et al, 1993; Stolz et al, 1994) . Whether the presence of factors, such as hepatocyte growth factor, which increases the motility of hepatocytes, leads to the circulation of hepatocytes in hepatitis patients remains to be clarified. In this study, we detected AFP mRNA in two samples that had low serum AFP protein levels. This result may have been caused by a higher sensitivity of nested PCR compared with the radioimmunoassay used to detect serum AFP. In addition, the expression of heterogeneous AFP molecules, such as the non-secreted form of AFP (Hosokawa et al, 1989) could also lead to this result.
Studies by Hillaire et al (1994) have shown that hepatitis patients with positive detection of albumin mRNA in blood samples have poor prognosis. Whether the presence of AFP mRNA-expressing cells in some hepatitis patients, as found in the present study, indicates the presence of early-stage HCC tumours and poor prognosis remains to be defined. The presence of AFP mRNA in blood may not specifically indicate the presence of HCC cells. Therefore, identification of tumour-specific genes for hepatoma is very important for the molecular diagnosis of the haematogenous metastasis of hepatoma cells.
The AFP gene is a tumour-associated gene. Most normal tissues do not express AFP. It is primarily expressed in liver cells, as well as in the gut, stomach, trophoblast, lung or pancreas and to a lesser extent in the fetus and newborn infant (Shi et al, 1985; Nahon et al, 1988) . It is not known whether AFP is expressed by the haematopoietic cells in fetal blood. However, Esteban et al (1993) have shown by in situ hybridization that activated monocytes and lymphocytes from adults express AFP mRNA. The positive AFP mRNA expression detected in all five samples of umbilical cord blood may have been caused by the expression of AFP mRNA by peripheral mononuclear cells or by trophoblast cells that were shed in the blood during delivery. The blood barrier in the placenta that separates the blood circulation of the fetus and mother is incomplete. Some molecules, viruses and cells can cross the barrier and circulate in the blood of the mother and fetus (Adkison et al, 1994) . This may explain why all five blood samples from pregnant women had positive AFP mRNA expression.
In summary, we have described a PCR-based technique that can detect circulating hepatoma cells or hepatocytes in patients with HCC or hepatitis. This method may detect extra-hepatic metastatic tumour cells in the blood earlier than traditional imaging methods in HCC patients. Because of the expression of AFP by non-tumour cells and the potential presence of circulating AFP-expressing hepatocytes in hepatitis patients, the use of HCC-specific marker genes in combination with nested PCR is necessary to provide an early, sensitive and specific diagnostic method for the clinical staging of HCC.
